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Abstract
Micro- and nanoparticles were synthesized and stabilized in order to process a copper indium diselenide (CISe) solar cell absorber 
layer. A microwave assisted solvothermal reaction for In2Se3 particles was performed, finding that smaller particles could be 
obtained in shorter times and at lower temperatures than with a conventional autoclave based solvothermal synthesis. In a second
route In2Se3 and Cu2-xSe nanoparticles have been synthesized via aqueous redox reactions and been Zeta potential-stabilized to 
acquire a nanoparticulate ink. This ink was drop cast in ambient atmosphere and annealed in N2-atmosphere leading to the formation 
of CISe at lower temperatures than with state-of-the-art processing routes.
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1. Introduction
Thin-film solar cells feature a promising potential in the field of photovoltaics. Compared to monocrystalline 
silicon cells, this technology has the advantage of saving material and production costs and allowing flexible or semi-
transparent solar cells. Solar cells based on CuInxGa1-xSeyS2-y (CIGSSe) show an efficiency of 21.7 % [1] which is 
amongst the highest of all the different types of thin-film solar cells. They have already surpassed the 20.4 % efficiency 
of multicrystalline silicon solar cells [2]. Furthermore they also have successfully been fabricated on flexible 
substrates.
One state-of-the-art production route of such CIGSSe solar cells is a two-step stacked elemental layer process [3,4].
First Copper-Indium layers are deposited by sputtering and Selenium by thermal evaporation, followed by a second 
step of annealing and sulfurization in H2S atmosphere. Another procedure, that has the best efficiencies reported until 
now, is the co-evaporation of the elements onto a heated substrate to form CIGSe, [1,5]. Both processes involve
vacuum technology and high temperatures. Moreover, dangerous and toxic chemicals like H2Se and H2S are used 
which require additional efforts for safe handling and waste disposal.
An alternative production route is the wet chemical synthesis of nanoparticles like metallic copper-indium, 
selenium, copper selenide and indium selenide which requires no vacuum or high temperature steps. These particles 
can be spin coated or doctor bladed on a substrate to form CISe during subsequent annealing at lower temperatures 
than in the stacked layer process [6]. This work describes in detail a microwave assisted solvothermal reaction to 
synthesize In2Se3 particles. Furthermore, different inks from In2Se3 and Cu2-xSe nanoparticles synthesised by redox 
reaction have been stabilized and annealed for CISe formation. The goal is to prepare an absorber layer for CISe solar 
cells via solution processing.
2. Experimental
2.1. Chemicals.
Acetone (Problabo Technical), ascorbic acid (C6H8O6; VWR), copper(II)chloride (CuCl2; Sigma Aldrich 97%), 
ethanol (AppliChem absolute), ethylene diamine tetra acetic acid (EDTA; Sigma Aldrich), indium(III)chloride (InCl3;
Alfa Aesar 99.99%), indium(III)acetate (InAc3; Alfa Aesar 99.99%), sodium borohydride (NaBH4; Fluka Analytics 
99%, Merck Schuchardt 98%), sodium hydroxide (NaOH; Merck pure), selenium (Se; Sigma Aldrich 99.99%) were 
used as received without further purification.
2.2. Synthesis of In2Se3 (nano)particles.
Two different routes were followed to synthesize In2Se3 particles, a solvothermal reaction in alcoholic medium and 
a redox reaction in aqueous medium.
The first route for In2Se3 synthesis was a solvothermal reaction similar to the one described by Xiaoyan Tan et al. 
[7]. Thereby a reactive solution containing 176 mg InCl3, 16 mg Se and 704 mg ascorbic acid in 60 ml absolute ethanol 
was heated to 230°C in a teflon lined autoclave within 30 minutes and then maintained at that temperature. After two 
hours holding time at 230°C the autoclave was left to cool to room temperature inside the heating mantle. The particles 
were then extracted by centrifugation and washed twice with absolute ethanol and Millipore H2O before one half being 
dried in a vacuum desiccator at 60°C and the second half being stored in absolute ethanol. The ascorbic acid acts as 
both reducing agent for Se and stabilizing agent for the particles [7]. Three more syntheses were performed with 
different parameters, in particular employing only one hour heat treatment, using indium acetate instead of indium 
chloride and using a higher concentrated reactive solution with 880 mg InCl3, 80 mg Se and 1.76 g ascorbic acid in 
60 ml absolute ethanol. These particles were also extracted by centrifugation and washed as described above, before 
being stored in absolute ethanol.
To significantly shorten the reaction time and to achieve smaller particles suitable for an absorber layer of about 1-
2 µm, the solvothermal synthesis has been performed under microwave irradiation in a pressurized vessel using a 
CEM Discover. The reactive solution with the same concentration as above, 14.7 mg InCl3, 1.3 mg Se and 58.7 mg 
ascorbic acid in 5 ml absolute ethanol, was heated to 180°C (maximum temperature with this set-up) within 15 minutes 
and then held at that temperature for 1.5 hours. The particles were harvested, washed and stored as described before. 
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This synthesis was also repeated several times with different parameters like using 2.5 times or five times higher 
concentration of the reactive solution or a heating ramp of three minutes and holding segment of 15 minutes. In order 
to produce more particles, the microwave set-up was changed to fit 60 ml flasks instead of 5 ml flasks. Thereby a 
reactive solution of 328.5 mg InCl3, 29.7 mg Se and 661.5 mg ascorbic acid in 45 ml absolute ethanol could be heated 
to 150°C (maximum temperature with this set-up) within three minutes and held for 15 minutes. Further experiments 
used ethylene glycol instead of ethanol as reaction medium, as well as a lower temperature of only 120°C (maximum 
temperature with this set-up) and a drastically shortened reaction time of only three minutes heating ramp and three 
minutes holding segment. The particles were harvested, washed and stored as described above.
The second route used to synthesize In2Se3 nanoparticles free of any stabilizing agent was the redox reaction in 
aqueous medium as described by Yuho Min et al. [8] Thereby 205 mg Se were reduced to Se2- with 149 mg NaBH4
in 32.5 ml deionized H2O under N2-atmosphere following a precipitation reaction with a solution of 431 mg InCl3 in 
6 ml deionized H2O. After the reaction was finished, 2.5 ml acetone were added to the flask to remove any remaining 
NaBH4 left in solution. The nanoparticles were harvested via centrifugation, washed with deionized H2O and acetone 
and then dried in a vacuum desiccator at 60°C to be stored as a powder.
2.3. Synthesis of Cu2-xSe nanoparticles.
Cu2-xSe nanoparticles were synthesized by a redox-reaction in aqueous medium according to Zhang et al. [9]. The 
first step was the reduction of 158 mg Se with 18 g NaOH in 40 ml deionized H2O to Na2Se and Na2Sex. Both of these 
species form Cu2-xSe in a reaction with 350 mg CuCl2 that was prior coordination-complex-stabilized with 877 mg 
EDTA in 15 ml deionized H2O. The particles were harvested via centrifugation, washed with 0.1 M HCl solution and 
deionized H2O, and then dried in a vacuum desiccator at 50°C to be stored as a powder.
2.4. Stabilization and ink-formulation.
An ethanol based ink of 7.7 mg In2Se3 and 2.5 mg Cu2-xSe particles was mixed in 1 ml absolute ethanol to obtain 
a molar ratio In/Cu of 1.2. To achieve a good interaction of the In2Se3 and Cu2-xSe particles in the ink, ascorbic acid 
was used as a stabilizing agent for both types of particles. Ascorbic acid was added to the Cu2-xSe nanoparticle 
dispersion in a molar ratio of 1:3. This was done to match the Zeta potential of the dispersion to the one of the stabilized 
In2Se3 particle dispersion from the solvothermal route synthesis. For preparation of a nanoparticulate ink, 125.5 mg 
from the aqueously synthesized In2Se3 nanoparticles and 46.2 mg of Cu2-xSe nanoparticles were redispersed in 4 ml 
absolute ethanol. The term „nanoparticulate“ ink is used to clarify that this ink is made only from nanoparticles 
compared to the ink from the solvothermal route, that contains also micron sized particles.
2.5. Characterization of the Cu2-xSe and In2Se3 particles.
Particle size and Zeta potential in dispersion were measured via Dynamic Light Scattering (DLS) using a Malvern 
Instruments Ltd. Nano ZS ZEN3600 zetasizer. Morphology and size of dry particles on a silicon wafer were determined 
using a Zeiss Field Emission Scanning Electron Microscope (FESEM) ultra 55 with accelerating voltage of 10 kV. 
For phase analysis, X-ray diffraction was performed using Cu KĮ radiation. Chemical composition was measured by 
energy dispersive X-ray spectroscopy (EDX) in a standardless method using a Si detector doped with Li and an 
accelerating voltage of 20 kV in a Jeol JSM 6400 Scanning Electron Microscope. Average composition and standard 
deviation were determined from seven measurements for each sample.
2.6. Characterization of inks and annealed films.
Electron microscope images were obtained on a Zeiss Field Emission Scanning Electron Microscope (FESEM) 
ultra 55 with accelerating voltage of 10 kV. The differential scanning calorimeter measurements (DSC) were 
performed using the TA Instruments Differential Scanning Calorimeter Q1000 with a Q2000 cell in the range of -50°C 
to 550°C with a heating rate of 30°C/min. For this six samples were prepared by drop casting the nanoparticulate ink 
on a molybdenum sputtered aluminum foil. For phase analysis, in-situ X-ray diffraction (XRD) was performed using 
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&X.ĮUDGLDWLRQDQGDWHPSHUDWXUH-range of RT to 550°C. The samples consisted of the nanoparticulate ink deposited 
on molybdenum coated polyimide foil.
3. Results and Discussion
3.1. Solvothermal synthesis.
The application of pressurized, microwave assisted synthesis has two major benefits over the autoclave synthesis. 
It was found that by microwave irradiation In-Se could be isolated in shorter times and at lower temperatures than in 
the autoclave synthesis.
Figure 1a and 1b show FESEM images of the particles synthesized with comparable parameters in the autoclave 
and the microwave respectively. Xiaoyan Tan et al. described the appearing flower-like structures to be composed of 
In2Se3 sheets [7]. The flower-like particles from the autoclave synthesis are found to be sized between 2 - 4 µm. They 
are accompanied by solid-sphere shaped particles in a size interval of 0.6 - 1 µm. The EDX analysis gave a Se/In ratio 
of 1.28. The microwave-synthesized particles are also flower-like and all of them have nearly the same size of 1.4 µm. 
No solid-sphere particles could be found.
The results from the two methods used show differences. First, the microwave assisted synthesis does not produce 
solid-sphere particles, even though the reactive solution had the same concentration and the reaction time was the 
same. Xiaoyan Tan et al. found solid-spheres at shorter reaction times that crystalize to flower-like particles that need 
more than three hours for complete evolution [7]. With the microwave approach using the CEM Discover the heating 
ramp was much steeper than in the autoclave. The maximum temperature of 180°C was reached after 15 minutes and 
kept constant for 1.5 hours. In the autoclave synthesis the walls of the steel autoclave have to be heated as well, which 
decreases the heating ramp. It can therefore be assumed, that the effective reaction time at the desired temperature is 
indeed longer in the microwave synthesis than in the autoclave, giving the solid-spheres enough time to evolve 
completely into flower-like particles.
The second difference is the narrower size distribution in the microwave assisted synthesis compared to the 
autoclave synthesis. Here again the set-up is important. In the microwave synthesis the complete solution is heated 
simultaneously by the microwaves because the microwaves have a penetration depth of 0.84 cm in ethanol [10] and 
the flask has a diameter of 1 cm. So the critical temperature to overcome the energy barrier for nucleation is reached 
in the whole solution simultaneously and “burst nucleation” happens [11]. The nuclei follow a more uniform growth 
process compared to the autoclave approach, resulting in particles with a narrow size distribution. In the steel-
autoclave synthesis, the reaction solution is only heated from the walls of the autoclave. Despite the stirring, the nuclei 
will form at the walls of the flask rather than in the middle, resulting in separate nucleation-steps which lead to the 
nuclei having different growth histories and therefore a broader size distribution [12].
Another difference is the smaller particle size from microwave-assisted synthesis compared to the autoclave 
synthesis. This can be attributed to the different cooling behavior of both synthesis set-ups. The steel autoclave takes 
Fig. 1a: FESEM image of flower-like structured In2Se3 from 
autoclave, 1.5h, 220°C.
Fig. 1b: FESEM image of flower-like structured In2Se3 from 
microwave, 1.5h, 180°C.
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several hours to cool down to room temperature, whereas in the CEM Discover a constant air flow cools down the 
reaction flask much faster. Therefore the particles in the autoclave stay in the reactive solution at higher temperature 
for a longer time which supports particle growth by diffusion. In the microwave assisted synthesis the particles reach 
room temperature within a minute and can be extracted from the solution, so no diffusion based growth will occur in 
this set-up, resulting in smaller particles.
Using a 2.5 times higher concentration of the precursor solution in the microwave approach led to a reduction in 
size. Flower-like particles, as shown in figure 2a, obtained in 15 minutes at 150°C had a size of 0.8 - 1.4 µm. However, 
there were also very few solid-sphere among the flower-like particles. The EDX analysis showed a Se/In ratio of 2.32. 
Using ethylene glycol as reaction medium instead of ethanol and again 2.5 times concentration, the particles even had 
sizes between 0.25 and 1 µm. However, the majority of particles is not flower-like anymore but seems to be solid-
spheres and the particle size distribution is quite large as can be seen in figure 2b. Here the EDX showed a Se/In ratio 
of 1.3.
The sample from the reactive solution with 2.5 x concentration leads to smaller particles and the reaction time and 
temperature are reduced drastically. This could be an effect of the higher supersaturation, which causes a higher 
number of nuclei during burst nucleation and therefore leads to smaller particles, as more nuclei grow at the same 
time. The use of ethylene glycol as the reaction medium instead of ethanol also results in smaller particles. This could 
be based on the higher reduction potential of ethylene glycol over ethanol with the double amount of hydroxyl groups. 
Xiaoyan Tan et al. observed a reaction even with no external reduction agent, concluding that the ethanol also has 
reducing power enough to form particles [7]. Moreover, the viscosity of ethylene glycol is much higher than that of 
ethanol. Ethylene glycol has 16.1 mPas at room temperature and 1.98 mPas at higher temperatures while ethanol has 
1.1 mPas at 20 °C [13]. The diffusion coefficient is inversely proportional to the viscosity according to the Stokes-
Einstein equation. This leads to less diffusion in higher viscosity solvents and therefore to smaller particles in ethylene 
glycol compared to ethanol. The large particle size distribution for ethylene glycol is attributed to the synthesis set up 
because a large volume flask was used instead of the small 1 cm diameter flask. The penetration depth of microwaves 
for ethylene glycol is 0.61 cm [10] and a similar effect to that already described for the autoclave synthesis with 
nucleation at the hotter walls is observed.
Using the microwave assisted solvothermal synthesis has two major benefits over the autoclave synthesis. It was 
found that by microwave irradiation In-Se could be isolated in shorter times and at lower temperatures than in the 
autoclave synthesis. This is attributed to the faster heating and cooling ramps that could be achieved with the CEM 
Discover. For the synthesis only the reaction solution in a glass flask is heated with microwave-irradiation and the 
cool-down is assisted by a constant air flow. So both, heating and cooling only takes a few minutes. With the autoclave 
synthesis not only the reaction solution has to be heated and cooled down, but also the surrounding steel autoclave. 
This takes much longer time and supports diffusion based growth and Ostwald ripening of the particles especially 
during the cooling which took several hours. By using a higher concentrated reaction solution and ethylene glycol as 
solvent, the size of the indium selenide particles was reduced, compared to the particles from the standard autoclave 
synthesis.
Fig. 2a: FESEM image of flower-like structured In2Se3 from 
microwave, 2.5 times concentrated precursor, 15 min, 150°C.
Fig. 2b: FESEM image of flower-like structured In2Se3 from 
microwave, ethylene glycol solvent, 2.5x c, 15 min, 120°C.
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This is a benefit of the higher supersaturation of the reaction solution and higher reduction potential of ethylene 
glycol over ethanol, causing nucleation of more nuclei. This and the higher viscosity of ethylene glycol, which hinders 
diffusion, ultimately lead to smaller particles.
3.2. Aqueous redox reaction synthesis.
The indium selenide nanoparticles from the aqueous route are shown in figure 3a. The particle size is approximately 
20 nm and smaller, the size distribution is quite narrow. The EDX analysis shows a Se/In ratio of 1.3 and the XRD 
analysis confirms that the particles consist not only of pure In2Se3, but also of InSe and elemental Se, as plotted in 
figure 3b.
Figure 3c shows the Cu2-xSe nanoparticles from aqueous redox reaction. Most of the particles have a size of 35-
45 nm, the EDX shows a Cu/Se ratio of 1.86 and the XRD analysis, as plotted in figure 3d, clearly identifies Cu2-xSe.
Fig. 3a: FESEM image of In2Se3 nanoparticles from aqueous 
precipitation.
Fig. 3c: FESEM image of Cu2-xSe nanoparticles from aqueous 
precipitation.
Fig. 3b: XRD analysis of In2Se3 nanoparticles from aqueous 
precipitation with chosen references
Fig. 3d: XRD analysis Cu2-xSe nanoparticles from aqueous 
precipitation with chosen references
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3.3. Ink-formulation and effects of stabilization.
The first ink was made of the as obtained In2Se3 particles from the autoclave and Cu2-xSe nanoparticles from 
aqueous precipitation. It can be seen in figure 4a, that both types of particles do not interact well with each other, 
resulting in a kind of phase separation. The Cu2-xSe nanoparticles form agglomerates next to the larger flowerlike 
In2Se3 particles. This was overcome by adjusting the Zeta potentials of both types of particles to the same value by 
the addition of ascorbic acid before mixing the ink. As shown in figure 4b, the Cu2-xSe nanoparticles are now found 
on top of the flower-like In2Se3 particles.
Additionally, a nanoparticulate ink was formulated using the In2Se3 nanoparticles from the aqueous precipitation 
along with the Cu2-xSe nanoparticles, the Zeta potential was stabilized with ascorbic acid. Figures 4c and 4d show the 
homogeneity of this nanoparticulate ink. No areas are found where only one type of particles dominates.
The importance of Zeta potential stabilization can be concluded from these experiments. Particles in dispersion 
with a Zeta potential of about 30 mV are stable [14] but if the Zeta potential is smaller than 10 mV, the particles are 
not stable and tend to agglomerate. This happened in the first ink formulation experiment (Fig.4a), where the Cu2-xSe 
nanoparticles had a Zeta potential of -4.9 mV and preferred to agglomerate over intermixing with the In2Se3 flower-
like particles that had a Zeta potential of about -40 mV. The In2Se3 flowers with the larger Zeta potential repelled each 
other stronger than the Cu2-xSe nanoparticles which agglomerated between the larger In2Se3 flowers. After adjusting 
the Zeta potential to the same value by adding ascorbic acid to the Cu2-xSe nanoparticle dispersion, a stable ink was 
realized. Here all the particles repelled each other in a similar way and there was no electrostatic difference between 
the Cu2-xSe nanoparticles and the In2Se3 flower-like particles. After the drop casting and the evaporation of ethanol 
the Cu2-xSe nanoparticles are found on top of the larger In2Se3 flowers (Fig.4b). This is the case because of the faster 
Fig 4a: FESEM image of ink without stabilization. No interaction 
between the Cu2-xSe nanoparticles from aqueous precipitation and the 
larger In2Se3 particles from the autoclave is observed.
Fig 4b: FESEM image of Zeta potential stabilized ink. The Cu2-xSe 
nanoparticles from aqueous precipitation are found on top of the 
flowerlike In2Se3 particles from the autoclave.
Fig 4c: FESEM image of Zeta potential stabilized nanoparticulate ink 
containing In2Se3 and Cu2-xSe nanoparticles from aqueous 
precipitation
Fig 4d: FESEM image of Zeta potential stabilized nanoparticulate 
ink from Fig. 4c.
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sedimentation of the large particles to the surface of the Si-wafer followed by a quasi-coating with the nanoparticles, 
that sediment slower than the large particles when the solvent dries.
3.4. Annealing of the inks and CISe formation.
An in-situ XRD analysis of the nanoparticulate ink is shown in figure 5. The large peak at 40.5° is the molybdenum 
on which the ink was coated and does not change over time and temperature. The two peaks at 26.6° and 44.2° show 
that CuInSe2 (CISe) has been formed during the temperature treatment. Both peaks are not visible at room temperature 
before the heat treatment, but are both clearly visible after the cooling, even though they are not predominant. They 
evolve at about 370°C, indicating that the formation of CuInSe2 is happening in this temperature range. Figure 6 shows 
the DSC analysis of a sample from the same nanoparticulate ink. Between 330°C and 370°C a broad exothermic signal 
can be observed, followed by a sharp endothermic peak at 380°C. The broad exothermic peak is assigned to the 
formation of CISe, the peak at 380°C to the peritectic decomposition of CuSe to Cu2Se. It can be explained by the Cu-
rich composition of the DSC sample, leading to the formation of surplus Cu-richer selenides.
Combining the DSC analysis and the in-situ XRD analysis it can be concluded that at a temperature of 330°C to 
370°C the formation of CISe takes place in the nanoparticulate ink. Below this temperature, CISe peaks are not 
observed in the XRD, but at higher temperatures the CISe peaks are clearly visible. This corresponds well with the 
DSC measurement that shows an irreversible exothermic reaction at 330°C to 370°C that can be assigned to the CISe 
formation [15]. In SEL CISe precursors it is seen at 370°C to 400°C in DSC measurements [15] and at ca. 410°C 
during in-situ XRD [16]. In-situ XRD and DSC indicate the formation of CISe at a lower temperature for the 
nanoparticulate ink than for the sputtered elemental layers. An electro deposited precursor of Cu2-xSe and In2Se3 starts 
its CISe formation at 400°C [17]. Therefore the formation of CISe from the nanoparticulate ink between 330°C and 
370°C indicates that the use of nanoparticular precursors lowers the reaction temperature. The surface area of a layer 
of nanoparticles is huge compared to the flat electrodeposited or sputtered layers reducing diffusion paths and 
benefitting the earlier formation of CISe.
 
 
 
 
 
 
 
 
 
Fig. 5: In-situ XRD of nanoparticulate ink. Bottom curve: room 
temperature, middle: 550°C, top: 143°C (cooling), red curve: 370°C.
Fig. 6: DSC analysis of nanoparticulate ink, heating rate of 30 K/min 
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4. Conclusion
In2Se3 particles have been synthesized with a solvothermal reaction in a microwave device, yielding smaller 
particles in shorter times and at lower temperatures than by using an autoclave. An ink of these particles and Cu2-xSe 
nanoparticles from an aqueous redox reaction has successfully been stabilized. It was not further investigated since 
the particle size is still too large for a below-1µ-scale layer. A nanoparticulate ink of In2Se3 nanoparticles from an 
aqueous redox reaction and Cu2-xSe nanoparticles has been used instead. A drop cast precursor layer from this ink was 
annealed finding the formation of CISe at lower temperatures than with state-of-the-art processes, showing the 
possibility of a printable low-temperature CISe solar cell.
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